Converging evidence supported that melamine could impair learning and memory and hippocampal function by mechanisms as yet unknown. The aim of this study was to obtain the first clues of how melamine affected spatial cognition, and how it may act on hippocampal function to modulate plasticity. Morris water maze test was used to probe spatial learning and memory. Pharmacological approaches were employed to modulate NMDAR and AMPAR-dependent long-term synaptic plasticity of rats' hippocampal CA1 region. Both systemic and intrahippocampal application of melamine impaired the formation of long-term spatial memory, particularly consolidation memory. The reduced expression of NMDA-NR1 and -NR2B subunits, but not AMPAR subunits, was presented. Meanwhile melamine inhibited inductions of long-term potentiation (LTP) and long-term depression (LTD) via mediating NMDARs. Notably, the specific role of hippocampal CA1 LTD in regulation of spatial consolidation has been observed in normal physiology. Moreover, the prevention of inhibited hippocampal CA1 LTD but not LTP could rescue the disruption of long-term spatial memory of the melamine-treated rats. Taken together, our findings suggested that acute melamine exposure impaired spatial memory consolidation via disrupting hippocampal NMDAR-dependent LTD. This provided an important insight into the neurophysiology of melamine-related and other psychiatric disorders.
Melamine-tainted formula and other exposed dairy products have raised concern about melamine toxicity in recent years (Chien et al., 2011; Dobson et al., 2008; Guan et al., 2009) . Although the nephrotoxicity of melamine has been well documented (Bhalla et al., 2009; Melnick et al., 1984) , there is limited information concerning the neurotoxicity Yang et al., 2012) . Recently, the neurotoxicity of melamine had been linked to dysfunction and neuropathological alterations in the hippocampus, a region known to be critically involved in spatial learning and memory. For example, melamine induced obvious alternations of hippocampal structure in vivo and in vitro, including neuronal loss (An et al., , 2012a , necrotic neurons Han et al., 2011) and neuronal proliferation (An et al., 2012a . Thus, the effect of melamine on the central nervous system should be considered in the evaluation of toxicity of this chemical.
Several studies have established the influence of melamine on learning and memory. For example, chronic melamine exposure is associated with cognitive decline such as reduced alertness , impaired working memory (An et al., , 2012a , and impaired re-acquisition of spatial tasks (An et al., 2013b) in adolescent animals. Low-dose acute exposure to melamine has also been found to decrease immobility time in the forced swim test but no effect on spontaneous locomotor activity in the open field test (Yang et al., 2012) . Specifically, alleviation oxidative stress caused by melamine in hippocampal CA1 area was known to reverse learning and re-acquisition deficits An et al., 2015) . Despite the evidence for the effect of melamine on learning and memory, the specific role of melamine in different stages of memory is still unclear.
The hippocampus is critical for key aspects in memory formation, and the most widely accepted physiological mechanisms of memory storage in this structure include long-term potentiation (LTP) and long-term depression (LTD). Early speculation showed that LTD may serve as a reversal mechanism for LTP, or a forgetting mechanism. They assumed that LTP encodes memories (Hardt et al., 2013) . Recent reports also indicated that LTD played pivotal roles in processing new information. For example, hippocampal LTD was facilitated by exposure to a novel environment with novel objects or novel configuration of objects (Kemp and Manahan-Vaughan, 2004; Manahan-Vaughan and Braunewell, 1999) . Besides, other findings indicated that induction of hippocampal CA1 LTD promoted the consolidation of spatial memory in freely moving rats (Ge et al., 2010) . Significant advances in understanding the mechanisms through melamine affecting the physiology of hippocampal areas and ultimately spatial cognition have been made recently. This was supported by the observation that chronic melamine treatment significantly suppressed adolescent rats' hippocampal CA1 LTP through presynaptically inhibiting glutamatergic transmission Yang et al., 2011) . The same study also examined the detrimental effects of melamine on hippocampal LTD, while the fEPSPs slope of LTD was inhibited dramatically (An et al., 2013b) . Together, these findings pointed to significant disruptions to synaptic function within the hippocampus, leading to the prediction that they may underlie at least some of the memory deficits and cognitive symptoms observed in melamine-exposed animals.
In this study, we investigated the impact of acute melamine exposure in spatial learning and memory with a combination of behavioral assessments and in vivo electrophysiology. We found that melamine induced disruption of long-term spatial memory. This impairment was due to the deteriorated effect of melamine on memory consolidation but not memory acquisition or retrieval process. The memory consolidation impairment was association with a selective decrease in the levels of NR1 and NR2B subunits of N-methyl-D-aspartate (NMDA) receptors (NMDARs). However, the expression of alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptors (AMPARs) subunits was not affected. The mechanisms underlying the involvement of consolidation memory were preventing NMDAR-but not AMPAR-dependent hippocampal synaptic plasticity. Treatment with D-serine and DL-TBOA could rescue the spatial memory deficits and enhanced hippocampal LTD in melamine-treated rats effectively. Notably, our data did not support a crucial role of hippocampal LTP in the formation of long-term spatial memory. These findings revealed the importance of NMDA-NR2B receptor-dependent LTD in mediating long-term spatial memory and provided a therapeutic approach to prevent memory defects after acute melamine exposure and other psychiatry-related behavioral disorders.
MATERIALS AND METHODS
Treatment procedures. Experiment 1 (Figure 1 ): Since the low concentration of melamine in the brain (Wu et al., 2009) and the low half-lives of melamine (Chu et al., 2013) were reported, we first tried to test whether a stable concentration of melamine [Melamine (I þ II þ III)] could cause cognitive impairment. After that, melamine was treated at three different memory stages separately to discriminate the specific stage which it affected. Melamine(I), which affected memory acquisition process, was i.p. (20 mg/kg) injected 2 h before the acquisition phase as described in Figure 1A . Melamine(II), which affected memory consolidation process, was i.p. (20 mg/kg) injected immediately after memory acquisition on the first day as described in Figure  1A . Melamine(III), which affected memory retrieval process, was i.p. (20 mg/kg) injected 2 h before probe test on the second day as described in Figure 1A . To investigate the effect of melamine on short-term memory, Melamine(I) was i.p. (20 mg/kg) injected 2 h before the acquisition phase, while the probe phase was initiated immediately after the acquisition training as described in Figure 1F .
Experiment 2 (Figure 2 ): Melamine i.p. (20 mg/kg) injected immediately after memory acquisition as described in Figure 2A . Melamine (a) and Melamine (b) represented the electrophysiological recording at memory consolidation stage and retrieval stage, respectively. Experiment 3 (Figure 3 ): Melamine intrahippocampal (i.h.) (200 mM/ll) injected immediately after memory acquisition as described in Figure 3A . Electrophysiological recordings were initiated 2 h after the melamine injection. To activate the inhibitory effect of melamine on glutamate receptors at memory consolidation stage, NMDA (1.0 and 5.0 mM/ll) or AMPA (0.5 and 1 mM/ll) was i.h. injected 30 min before the electrophysiological recordings. Probe test was examined on the second day. The control rats were treated with the same dose of saline (Experiment parts 1, 2, 4, and 5) or NMDA (5 mM) (Experiment part 3). The number of animals in each experiment part was indicated in each figure legend.
Morris water maze tests. Hippocampal-dependent long-term memory was tested using a Morris water maze (MWM) task, which was conducted as those described previously (de Quervain et al., 1998; Wong et al., 2007) . During training phase, each rat was trained for two consecutive blocks to find the platform (Figs. 1A, 1F -left, 2A, and 3A). Probe phase, in which rats were allowed to swim for 60 s, were performed 24 h (Figs. 1A and 3A) or immediately after training phase ( Figure 1F-left) . Movement of rats was monitored by a CCD camera connected to a personal computer, through which data were collected and analyzed offline. Further details of the methods can be found in Supplementary Information Text. MelþNMDA (1 mM): n ¼ 7; MelþNMDA (5 mM): n ¼ 8; NMDA (5 mM): n¼7]. E, Summary of LFS-induced LTD showed treatment with NMDA but not AMPA prevented melamine-impaired LTD in dose-dependent manner [Mel(melamine): n ¼ 7; MelþAMPA (0.5 mM): n ¼ 7; MelþAMPA (1 mM): n ¼ 6; MelþNMDA (1 mM): n ¼ 6; MelþNMDA (5 mM): n ¼ 7; NMDA (5 mM): n¼7]. *P < .05, **P < .01, versus Mel group. F, Rats' performance in probe test showed treatment with NMDA but not AMPA rescued melamine-induced spatial memory impairment [ % P < .05, %% P < .01, QIII vs chance (15 s); *P < .05,**P < .01, Q III vs Q I ; # P < .05, vs control group]. Mel(melamine): n ¼ 7; MelþAMPA (0.5 mM): n ¼ 7;
Electrophysiological recording. Field excitatory postsynaptic potentials (fEPSPs) in hippocampal CA1 region were recorded as described previously An et al., 2012b An et al., , 2013a . After the electrodes were lowered and located properly in destination positions, input/output (I/O) curves and Pairedpulse facilitation (PPF) were assessed. High-frequency stimulation (HFS) (100 pulses of 100 Hz) and low-frequency stimulation (LFS) (900 pulses of 1 Hz) were delivered to induce LTP and LTD, respectively. Initial data measurement was performed in Clampfit 9.0 (Molecular Devices, Sunnyvale, California, USA). (***P < .001, CNQX or AP5 vs saline; # P < .05, ## P < .01, melamine vs saline). Saline: n ¼ 5; CNQX: n ¼ 6; AP5: n ¼ 6; Melamine: n ¼ 6. n ¼ 7; MelþDL-TBOA: n ¼ 7). *P < .05, **P < .01, **P < .001, versus control group. G, Rats' performance in probe test [ % P < .01, QIII vs chance (15 s); **P < .01, QIII vs QI; # P < .05, ## P < .01, vs control group]. Control: n ¼ 7; CPP: n ¼ 6; NVP-AAM077: n ¼ 7; Ro25-6981: n ¼ 7; Mel(melamine): n ¼ 7; MelþD-serine: n ¼ 8; MelþDL-TBOA: n¼8.
The fEPSPs slope was used to measure synaptic efficacy as others have previously reported (Dong et al., 2013; Ge et al., 2010; Manahan-Vaughan and Braunewell, 1999) .
Bilateral hippocampal microinjection. Rats were bilaterally implanted with 22-gauge stainless steel guide cannula (10 mm; Plastics One Inc.) above the dorsal hippocampus (AP 3.8 mm, ML 2.5 mm, DV 2.5 mm). After recovery, habituation sessions were conducted four times for each rat in the week preceding experiments. Drugs were injected with 25-ll Hamilton syringes and a microsyringe pump at 0.5 ll/min for 2 min. After experiments, electrolytic lesions were created by applying direct current (10 mA, 10 s).
Statistical analysis. Data were presented as mean 6 S.E.M. Oneway ANOVA was used to analyze MWM and electrophysiological test followed by Bonferroni tests. One-Sample Student t tests were used to compare dwell time to chance (15 s). The analyses were performed using SPSS 16.0 software.
RESULTS

Systemic Injection of Melamine Impairs Consolidation of Long-Term Spatial Memory
Pre-training injection melamine did not affect spatial acquisition, as exhibited by a significantly decreased latency to find the hidden platform in training phase ( Figure 1B) . During probe phase, control rats spent significantly longer than chance (15 s) in the test quadrant (Q III ) where the hidden platform was located (P < .01). Moreover, they spent significantly longer in Q III than in the opposite quadrant (Q I ) ( Figure 1C , P < .01), confirming the establishment of long-term memory. However, both dwell time in target quadrant ( Figure 1C , P < .01) and platform crossing ( Figure 1D , P < .05) of melamine(I þ II þ III)-treated rats were reduced significantly than control ones. The preference for Q III was abolished under melamine(I þ II þ III) condition, which was remarkably similar to the behavior of control rats during the first trial of training phase ( Figure 1C-left) . Moreover, rats under melamine(I þ II þ III) ( Figure 1E , P < .05) condition displayed more thigmotaxic behavior in the pool perimeter compared with control condition. Because all rats learned the location of the hidden platform during training ( Figure 1B) , the results strongly suggest that rats under melamine(I þ II þ III) condition could not remember the training one day later. Injection of melamine(III) did not affect rats' performance, such as Q III preference ( Figure 1C , P < .01), platform crossing ( Figure 1D ) and peripheral behavior ( Figure 1E ). Melamine(I)-treated rats did not perform Q III preference, but spent significant longer than chance in Q III ( Figure 1C , P < .05). However, there was no statistical difference between melamine(I) and control conditions in neither platform crossing nor peripheral behavior. Compared with control condition, melamine(II)-treated rats spent significantly less time in Q III (P < .05), as well as the time of crossing the hidden platform (P < .05). Moreover, melamine(II)-treated rats displayed more thigmotaxic and aimless behavior (P < .05), which was usually observed only in untrained ones ( Figure 1E-left) . Furthermore, to decipher whether the poor performance of melamine(I)-treated rats was attributed to the persistent effect of melamine(I) injection on consolidation period but not learning period, short-term memory immediately after the last training trial was tested ( Figure  1F -left). Melamine(I)-treated rats have well preserved Q III preference in the probe test (Figure 1F-right) . Therefore, our results strongly argued against a critical role of melamine in spatial acquisition ability. Together, these results strongly suggested that melamine could impair formation of long-term spatial memory through disrupting consolidation process.
Acute Melamine Affects Hippocampal CA1 LTP and LTD During Consolidation But Not Retrieval Period
No differences were found in either synaptic transmission ( Figure 2B ) or PPF ( Figure 2C ) among melamine(a), melamine(b) and control conditions. Results representing the time course of fEPSPs slopes normalized to the 20-min baseline period were shown in Figures 2D and E . One-way ANOVA showed that there were statistical difference in both LTP ( Figure 2F, F( 2,20) ¼ 27.469, P < .001) and LTD ( Figure 2G, F( 2,21) ¼ 29.562, P > .001) among groups. Bonferroni tests showed that i.p. injection of melamine 2 h before HFS inhibited both LTP (P < .01) and LTD (P < .01). However, it failed to detect statistical difference in neither LTP (P > .05) nor LTD (P > .05) between control and melamine(b) conditions. The failure to confirm a role of melamine in hippocampal synaptic plasticity under melamine(b) (retrieval) condition raised the distinct possibility that the impaired long-term memory could attribute to the impaired LTP or/and LTD under melamine(a) (consolidation) condition.
Melamine Affects NMDAR, But Not AMPAR, -Dependent LTP and LTD After the last trial on training day, rats received melamine i.h. injection immediately and treated with NMDA or AMPA 1.5 h later ( Figure 3A) . After 30 min, electrophysiological experiments were performed and the time course of fEPSPs slopes were shown in Figures 3B and C. One-way ANOVA showed that there was a statistical differences among groups in LTP ( Figure 3D , F (5,41) ¼ 38.319, P < .001) and LTD ( Figure 3E , F (5,38) ¼ 35.278, P < .001) after i.h. injections. However, Bonferroni post hoc tests revealed no significant difference after treating either 0.5 mM AMPA or 1.0 mM AMPA compared with melamine-treated condition. It showed that injection of 1.0 mM NMDA did rescue the inhibited LTD of melamine-treated rats (P < .05). Importantly, both LTP (P < .01) and LTD (P < .01) of rats, which were injected with 5.0 mM NMDA, were reversed significantly and indistinguishable from NMDA-treated control. In addition, there was no statistical difference between saline control and NMDA-treated control groups (data not shown). Thus, this blockade of melamine effect on NMDA receptors was reversible. The same treatment was used and long-term memory was evaluated at the same time on the second day ( Figure 3A) . During probe test, administration of 0.5, 1 mM AMPA, or 0.5 mM NMDA to melamine-treated rats did not prevent the decreased dwell time in Q III , but 1.0 mM NMDA rescued the Q III preference significantly ( Figure 3F , P < .05). Intriguingly, application of 5.0-mM NMDA could well preserved the Q III preference (P < .01) to the NMDA-treated control. Together, our findings strongly suggested that the deteriorated effect of melamine on NMDARdependent induction of synaptic plasticity was a result of the compromised consolidation of spatial memory.
Melamine Blocks Induction, But Not Expression, of Hippocampal Synaptic Plasticity NMDARs are required for the induction of synaptic plasticity (Malenka and Bear, 2004) , while the expression appears to involve facilitation of AMPARs Malenka and Bear, 2004) . To address whether melamine affected the induction or expression of synaptic plasticity, melamine was i.h. injected before or after HFS and the fEPSPs slopes were tested. Infusion of AP5, a broad-spectrum NMDA receptor antagonist, or melamine did not block synaptic transmission (Figs. 4A and B) . However, CNQX, an AMPA receptor antagonist, affected neural transmission at 0 (P < .001) and 0.5 h (P < .001), but not 1.5 h, after injection. Drug was injected 30 min after HFS ( Figure 4C ). No obvious difference was found at 0, 0.5, 1, or 2 h post-HFS application compared with time-matched control receiving saline ( Figure 4D ), although the fEPSP slopes of CNQX group was significantly reduced at 0.5 (P < .001) and 1 h (P < .001) post-HFS. When drug was injected 30 min before HFS ( Figure  4E ), significantly differences of fEPSP slope were found at 0, 1, or 2.5 h post-HFS between AP5 and saline ( Figure 4F , all P < .001), as well between melamine and saline (for 0 h, P < .05; for 1 and 2.5 h, P < .01). In addition, only melamine-treated group received a second injection of melamine, CNQX or saline 0.5 h after HFS (inset of Figure 4E ). No significant effect was found 30 min after the second melamine treatment, although CNQX significantly reduced fEPSP slope compared with time-matched saline (P < .001). Similar results were also found during the induction and expression of LFS (900 pulses of 1 Hz) -induced LTD (data not shown).
Impaired Consolidation Memory Is Due to the Effect of Melamine on Hippocampal LTD
To better understand the effect of melamine on synaptic plasticity, we first explore the functional roles of hippocampal LTP and LTD in memory consolidation with combination of normal physiology. The time course of fEPSPs slopes were shown in Figures 5A and B . One-way ANOVA showed that there was a statistical differences among groups in LTP ( Figure 5E , F( 6,48) ¼ 68.819, P < .001) and LTD ( Figure 5F , F( 6,46) ¼ 34.961, P < .001) after i.p. injections. Treatment with the broad-spectrum antagonist CPP (2.0 ng/ll, i.h.) effectively blocked the induction of both LTP ( Figure 5C , P < .001) and LTD ( Figure 5D , P < .01). NVP-AAM077 (0.8 ng/ll, i.h.) prevented LTP (P < .001) without altering LTD, while Ro25-6981 (2.0 ng/ll, i.h.) had no effect on LTP but did prevent LTD (P < .01). Injected rats with either NVP or Ro 30 min before MWM training did not affect spatial acquisition (data not shown). The preference for Q III was abolished in both CPP-and Ro-treated rats ( Figure 5G ). In contrast, rat received NVP-AAM077, which did not affect LTD formation, displayed Q III preference (P < .01), and spent significantly longer than chance in Q III (P < .01). Application of NVP-AAM077 or Ro25-6981 30 min before probe test did not induced the disruptive effect on longterm memory (data not shown), which concurred with a recent report indicated that hippocampal LTD was not required for spatial memory retrieval (Ge et al., 2010) . Thus, these findings supported that hippocampal LTD was necessary for spatial memory consolidation.
The NMDA-NR1 co-agonist D-serine (600 mg/kg, i.p.) and glutamate transport inhibitor DL-TBOA (10 nM/ll, i.h.) were used to prevent the inhibitory effect of melamine on NMDARs activation. Compared with melamine-treated condition, both LTP ( Figure 5E , P < .01) and LTD ( Figure 5F , P < .01) were rescued to nearly normal levels by D-serine. These rats also displayed the Q III preference ( Figure 5G , P < .01) and stayed longer time than chance (P < .01). Since debate exists regarding whether the reversed LTP by D-serine contributed to the behavioral amelioration, DL-TBOA, a glutamate uptake inhibitor, was employed. DL-TBOA, which prevented the depressed LTD (P < .01) without affected LTP under melamine condition, improved rats' Q III preference (P < .01) and enhanced the dwell time than chance (P < .01). Our data clearly support the inhibited hippocampal CA1 LTD critical involved in the impaired consolidation of longterm spatial memory.
DISCUSSION
This study provided novel robust evidence for the neurotoxic effect of melamine on long-term spatial memory and the underlying mechanisms. We found that acute melamine exposure impaired consolidation memory without affecting acquisition and retrieval memory, which was most likely attributed to the specific effect of melamine on hippocampus. Melamine treatment produced a significant decrease in the levels of NR1 and NR2B subunits of NMDA receptors, which displayed an association with the memory impairment. Meanwhile, melamine dramatically inhibited the induction of hippocampal CA1 NMDAR-dependent LTP and LTD. Interestingly, our data extended a critical physiological role of hippocampal CA1 LTD in memory consolidation but not LTP. Specifically, the pharmacological approach could effectively enhance LTD but not LTP, and rescue long-term spatial memory in melamine-exposed animals, which further confirmed the obligatory role of LTD in the formation of long-term spatial memory.
Chronic melamine exposure induced acquisition defects in both adolescent and adult rats (An et al., , 2012a Yang et al., 2011) . However, we found that acute melamine did not affect acquisition ability. Note that chronic exposure to melamine for consecutive 28 days did not alter rats' acquisition ability during the first two days of initial learning test (An et al., , 2012a Yang et al., 2011) . Acute treatment with melamine had no effect on rats' locomotor activity (Yang et al., 2012) . Furthermore, to selective affect memory retrieval phase, the melamine was injected before probe test. However, we did not observed a disruptive effect on probe test. Since injection of melamine during memory acquisition did not disrupt probe behavior, so the deteriorated effects of melamine on probe phase could be only attributed to an interference with the memory consolidation process. To our knowledge, no report provides evidence for effect of melamine on specific brain region except one for hippocampus (An et al., 2012a ). An interesting observation was that disrupted performance of melamine-treated rats in probe test was successfully duplicated after i.h. injection of melamine, consistent with its selective effect on synaptic plasticity in the present and previous findings (An et al., 2012a) . This remarkable finding suggested the altered hippocampal function was mainly involved in amnestic effect of melamine.
Recent studies suggested melamine could induce oxidative stress and morphological alternations both in vivo (An et al., 2012a) and in vitro Han et al., 2011) states, cause aberrant firing properties (Yang et al., 2010) . Our recent findings showed melamine reduced hippocampal theta-gamma crossfrequency, which would underlie the cognitive impairments (Xu et al., 2013) . The best-understood example was the inhibitory effect of melamine on presynaptic glutamate release during induction of hippocampal LTP . Moreover, the reduction of presynaptic function could also be indicated by abnormal enhanced PPF ratio and decreased basal synaptic transmission in Schaffer collateral-CA1 pathway of hippocampal slices (Yang et al., 2012) . Inconsistent with the previous findings, this lack of variation in the PPR suggested postsynaptic rather than presynaptic changes.
Extracellular NMDA and AMPA can activate ionotropic receptors, and result in increasing intracellular Ca 2þ levels, which lead to the biochemical activation of further cascade that involved in induction and expression of synaptic plasticity (Howland and Wang, 2008; Malenka and Bear, 2004; Simoes et al., 2007) . Moreover, NMDA and AMPA receptors are known for their essential role in mediating memory and learning consolidation in the hippocampus (Ge et al., 2010; Malinow and Malenka, 2002) . Treatment NMDA, but not AMPA, effectively rescued the inhibition of LTP and LTD in a dose-response manner, and prevented spatial memory impairment even almost back to normal status. The production of NO affected NMDAR activation and then changed the chemical signaling in surrounding synaptic terminals (Montague et al., 1994) , thus contributing to reactive nitrogen species formation, which has been implicated previously (An et al., 2015) . In addition, melamine induced hippocampal neurons apoptosis and disrupted the homeostasis of Ca 2þ (Wang et al., 2011) , which was important in modulating and controlling neuronal excitability (Toescu and Vreugdenhil, 2010) and inductions of LTP (Schneider et al., 2001; Yashiro and Philpot, 2008) and LTD (Yashiro and Philpot, 2008) . Infusion of melamine did not affect synaptic transmission, which was in line with I/O function findings. AP5 injection did not affect synaptic transmission but blocked LTP induction, while CNQX affected the expression, but not the induction, of LTP. The similar results were obtained previously (Morris et al., 2003) . It also indicated both NMDARs and AMPARs were required for long-term synaptic plasticity in the present study. Noticeably, the effect comparable to that of AP5 but not CNQX indicated melamine most likely affected the induction, but not expression, of synaptic plasticity. More importantly, there was no alteration of AMPAR subunit expression but the expression of NR1 and NR2B of NMDAR subunits following melamine treatment. This was the first study reporting the changes in the glutamatergic circuits following acute melamine that were specific to inhibited induction, but not expression, of synaptic plasticity via mediating NMDARs activation. Here, we cannot rule out the possibility that the abnormalities of GABAergic or other neurotransmissions also contributed. The mechanisms behind the interesting phenomenon need to be explored.
Previous work showed that hippocampal CA1 LTD but not LTP promoted the consolidation of spatial memory (Ge et al., 2010) . Others implicated a correlation between LTD and novelty detection during learning (Dong et al., 2013; Manahan-Vaughan and Braunewell, 1999) . Consistently, our findings strongly advance the notion that NMDA-NR2B receptor-dependent LTD was necessary to mediate spatial memory consolidation. Notably, LTD-null mice lacking serum response factor failed to habituate to novel objects in an object-recognition task (Etkin et al., 2006) . Interestingly, these mice also displayed poor spatial memory in MWM. Conversely, pre-training administration of NMDA-NR2B antagonist CP-101,606 (Guscott et al., 2003) or Ro63-1908 (Higgins et al., 2003 did not impair spatial memory during a multiday training protocol. An important explanation for these contradictory findings may be the concentrations of NMDA-NR2B antagonist used to prevent the induction of either hippocampal LTP or LTD, because in vivo recordings were not performed.
As a co-agonist for NR1, D-serine produced antidepressantlike effects in rodent behavioral despair models (Malkesman et al., 2012) , and ameliorated schizophrenia-like behavioral abnormalities (Andersen and Pouzet, 2004; Lipina et al., 2005) . D-serine was clearly the dominant physiological co-agonist for activation of NMDARs linked to both LTP (Henneberger et al., 2010) and LTD (Duffy et al., 2008) . Consistent results found that exogenous D-serine rescued LTP and LTD in Grin1 mutants expressing a lower NMDA-NR1 D-serine affinity, indicating that exogenous D-serine application substantially increased the intra-synaptic D-serine concentration (Billups and Attwell, 2003) . In agreement with our findings, D-serine enhanced NR2B-dependent LTD without affecting spatial memory acquisition (Duffy et al., 2008) . Another study reported bellshaped D-serine regulation on hippocampal LTD and improved spatial memory retrieval (Zhang et al., 2008) . Thus, the improvement of memory consolidation was associated to the action of D-serine on LTD and LTP via NMDA-NR1 subunit. Notably, glutamate reuptake blocker DL-TBOA to prevention of long-term memory deficits seemed particularly probable given our data showing the critical roles of LTD but not LTP in consolidation memory. Actually, DL-TBOA blocks recycling of presynaptically released glutamate and causes accumulation of glutamate in the synaptic cleft, thus enhancing 'spillover' and increasing the likelihood of extrasynaptic NMDA-NR2B activation (Massey et al., 2004; Yang et al., 2005) . This notion was supported by our finding that melamine reduced the level of NMDA-NR2B. Another potential explanation was that NMDA-NR2B was inactive as the decreased expression of phosphorylation form p-NR2B. The dose of DL-TBOA had no effect on control rats, suggesting that this result was not simply due to a non-specific enhancement of LTD. Altogether, this indicated that impaired hippocampal CA1 LTD induced by melamine should definitely be attributed to consolidation defects. Furthermore, our results supported that NMDAR-dependent hippocampal LTD was not only necessary but sufficient to mediate spatial memory consolidation (Ge et al., 2010) .
In conclusion, this was the first study to demonstrate that acute administration of melamine led to long-term memory consolidation defects, which was associated with the decreased expression of NMDA-NR1 and -NR2B subunits. The mechanism appeared to directly involve the NMDA-NR2B receptor-dependent hippocampal LTD. Moreover, pharmacological results in the physiological conditions strongly supported a critical role of LTD in consolidation memory processing. This study offered potential therapeutic strategies for the cognitive-related neurological diseases.
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